A series of recent studies reveal that tanshinones, derived from the traditional Chinese herbal medicine Salvia miltiorrhiza Bunge, are promising multifunctional antioxidants by activating nuclear factor (erythroid-derived 2) -like 2 (Nrf2). It is thus of great interest to elucidate their structure-activity relationships (SAR) for Nrf2 activation. In this study, two theoretical parameters characterizing the electron-abstracting potential, namely, electron affinity (EA) and energy level of the lowest unoccupied molecular orbital (E LUMO ), are calculated by a density functional theory (DFT) method. By these parameters, we provide a satisfactory explanation to the SAR of tanshinones for activating Nrf2, which is helpful to find new multifunctional antioxidants.
Due to the pathogenic roles of reactive oxygen species (ROS) in various chronic diseases, screening and design of antioxidants is always an attractive area [1] . However, the pathogenesis of diseases associated with ROS usually involves other factors. For instance, the pathogenic factors of Alzheimer's disease (AD) include ROS, amyloid- peptide (A), and tau protein. Therefore, finding multifunctional antioxidants that can hit other targets than ROS have attracted wide attention [1] . The conventional multifunctional antioxidants depend largely on hydrogen-donating reactions to scavenge ROS [1]. However, this ROS-modulating mechanism is of trivial value in vivo, because it is difficult for the exogenous antioxidants to reach relatively high concentrations (high micromolar) in vivo to exert ROS-scavenging effects [2] . Recently, more and more evidence indicates that many natural and synthetic antioxidants work in an indirect way, that is, through activating nuclear factor (erythroid-derived 2) -like 2 (Nrf2), which induces the expression of a series of antioxidant genes [3] . This finding implies an alternative type of multifunctional antioxidants which rely on Nrf2-activation to exert indirect antioxidant effects. Recently, Zhang and Zheng's groups reported that tanshinones, which are derived from the traditional Chinese herbal medicine Salvia miltiorrhiza Bunge, exhibit encouraging Nrf2-activating and A-aggregation inhibitory effects in low micromolar concentrations [4, 5] . These findings not only provide molecular evidence to support the wide use of S. miltiorrhiza in the therapy of dementia in China [6] , but also imply that tanshinones are excellent starting points for finding the Nrf2-activation-based multifunctional antioxidants. This stimulated our interest to elucidate the structureactivity relationships (SAR) of tanshinones ( Figure 1 ) for activating Nrf2 by theoretical calculations. The results will be of great value for the discovery of potential multifunctional antioxidants.
Electrophilic modification of cysteine residues in Keap1, an important negative regulator of Nrf2, has been suggested as the major mechanism for Nrf2 activation by quinones [7] . Thus, the parameters characterizing electron-abstracting capacity can be used to measure the Nrf2-activating potential of tanshinones. In the present study, we use two theoretical parameters, i.e., electron affinity (EA) and energy level of the lowest unoccupied molecular orbital (E LUMO ), to describe the indirect antioxidant activity of tanshinones and their substructures as well. EA is defined as the energy difference between an uncharged species and its anion, which results from the addition of an electron to the neutral molecule. According to this definition, EA = Ea -Ep, where Ea is the energy of anion molecule, and Ep is the energy of parent molecule. The lower the EA or E LUMO is, the more active the antioxidants. These parameters have been successfully used to explore antioxidant mechanisms in prior studies [1], and were calculated by a density functional theory (DFT) method. As shown in Table 1 , both EA and E LUMO indicate that tanshinone I (T-I) and dihydrotanshinone I (DHT) are stronger electron acceptors than tanshinone IIA (T-II-A) and cryptanshinone (CT), in good agreement with the experimental observations that the former are more potent indirect antioxidants than the latter [4] . The activity Figure 1 , the major difference between the former and the latter tanshinones lie in ring A. Ring A of the former is benzene, while of the latter it is cyclohexane. Apparently, quinonoid anion radicals are in an electron-rich state. Judged by the Hammett constant, the electron-donating property of methyl groups derived from cyclohexane is stronger than that of benzene (-0.07 vs 0.06 at meta position; -0.17 vs -0.01 at para position) [8] , which means that cyclohexane is more disadvantageous than benzene in stabilizing the anion radicals and thus attenuates the electron-abstracting potential of quinones. This explanation is also applicable to the slight electron-abstracting ability difference between T-I and DHT, and between T-II-A and CT as well, which have differences in ring D. T-I and T-II-A have a double bond in ring D, while DHT and CT have only single bonds. Given that methyl is a stronger electrondonating group than ethylene, reflected by their Hammett constants (-0.07 vs 0.06 at meta position; -0.17 vs -0.04 at para position) [8] , T-I and T-II-A are more active than DHT and CT in abstracting electrons, respectively. Since T-I is stronger than T-II-A in inhibiting A-aggregation and is less toxic than T-II-A [5] , it deserves a more detailed SAR analysis.
The EA and E LUMO of different substructures of T-I ( Figure 2 ) are calculated to identify the core structure underlying its Nrf2activating potential. As shown in Table 1 , substructure 1 has the highest electron-abstracting potential, with an EA of -99.97 kcal/mol. With the extension of the conjugation system, this potential gets weaker and weaker, reaching -91.43 kcal/mol for substructure 4. This can be well explained by the electron-donating property of conjugation systems that decrease the stability of anion radicals. Since quinones may act as Michael acceptors to react with various nucleophilic biomolecules to bring cytotoxicity [9] , an ideal quinonoid Nrf2-activator should reach the balance between activity and safety. Although the conjugation systems of tanshinones lower their Nrf2-activating potential, they likely enhance their safety at the same time, which is supported by the wide use of tanshinones in traditional and modern Chinese medicines [6] . Thus, EA and E LUMO values can be used to evaluate the potential activity and toxicity of tanshinone-like multifunctional antioxidants. Through searching in PubChem (http://pubchem.ncbi.nlm.nih.gov/) using the substructure 3, three tanshinone analogues were identified (5-7, Figure 2 ), which are different from tanshinones in ring D. These compounds have a six-membered ring D, while tanshinones have a five-membered ring D. The EA and E LUMO values of these tanshinone analogues are comparable with those of T-I (Table 1 ), suggesting that these compounds are highly possible to be multifunctional antioxidants and thus deserve experimental evaluation.
Experimental
The 
